I
n this commentary, I explore rehabilitative aspects of a newly discovered circuitry that underpins known representations of hemispheric asymmetries. Because some of these clinical expressions have been dealt with elsewhere, 1-3 the present enquiry addresses those that have come to light since those publications, including studies that used time-resolved techniques like movementrelated cortical potentials and those that dealt with cortical reorganization after injury. Specifically, it will be shown that the time-resolved EEG data reported by Green in Topics in Stroke Rehabilitation, 4 and those of others using fMRI techniques, 5 are in fact physiological expressions of the newly discovered pathway rather than the results of poststroke reorganization, as suggested by Green, or of prophylactic revamping of the command structure even before actual injury to the brain (see below). I then briefly explore rehabilitative aspects of the new circuitry, pointing out the practical uses of the pathway in rehabilitative robotics.
A Synopsis of the Discovered Pathway and Statement of a Hypothesis
Until now, the interpretations of the results of studies on the mechanism of poststroke improvement were hampered by lack of verifiable information concerning the laterality of motor control. Although the connection between ability to move the right hand and that of speaking one' s mind was known in Biblical times (Psalm 137), the knowledge that the hemisphere controlling the speech also is the hemisphere that controls actions in general is very recent. 6, 7 Even more recent is the realization that it is the callosum-width proximity of the command center (located in major hemisphere) to the contralateral (dominant) hand that is the basis of technical superiority of the latter to the nondominant. 3, 8 According to the new scheme, the command' s connection to the dominant side of the body is direct, allowing those effectors to receive signals with less decay, whereas the signals destined for the nondominant side must traverse the corpus callosum before reach- Based on evidence derived from personal data and a comprehensive review of the literature, this article provides a perspective of laterality of motor control in humans. The evidence supports existence of directionality in callosal traffic, codified in handedness. However, it is the neural handedness that definitively reveals the directionality of signal traffic between the executive and the minor hemisphere; the minor hemisphere is devoted to the affairs occurring on or toward the nondominant side of the body. Thus, moving the nondominant side of the body (and sensing from it) are bi-hemispherical events that require callosal participation. Time-resolved data are provided that indicate the absence of any ipsilateral corticospinal tract innervation in humans. The rehabilitative aspects of the new circuitry (i.e., one-way callosal traffic scheme) is reviewed, establishing that previously described plasticity or reorganization of cortical structure was a reflection of the newly described anatomy underpinning handedness. The distinction between neural and behavioral handedness is emphasized, suggesting simple and robust ways to establish a person's handedness without resorting to invasive and inconclusive tests currently in vogue. In the past, lack of knowledge of directionality in callosal traffic has resulted in surgical removal of healthy hemispheres (including the major hemisphere) in futile attempts to stop epilepsy in those with an intractable condition. Evidence is provided for lack of any motor communication from the minor to the major hemisphere, which makes the minor hemisphere incapable of initiating and propagating seizures. Key words: callosum, handedness, rehabilitation, reorganization, robotics, seizure ing the minor hemisphere for implementation. 2, 3 This asymmetry underlies the fact that the effectors on the nondominant side of the body suffer a comparative delay in flinging into action, a delay commensurate to the interhemispheric transfer time (IHTT). 3 However, not everyone' s avowed (behavioral) handedness matches his or her neural handedness, and the distinction becomes critical. There is a 15%-20% discordance between these two modes of handedness (one in every five or six persons) that explains occurrences of crossed aphasia and crossed nonaphasia. [1] [2] [3] 5 Crossed aphasia/nonaphasia refers to instances in which an expected cluster of symptoms and signs (usually indexed to the patients' behavioral handedness) does/does not occur; both occurrences bely the validity of behavioral handedness. Put succinctly, the concordance of the laterality of motor control to behavioral handedness is statistical in nature, whereas the laterality of motor control is identical to the patient' s neural handedness, as defined previously.
Clinically, asymmetry of the diaschitic syndrome (i.e., separation-shock, denoting the existence of callosally mediated connection from the major to the minor hemisphere) constitutes irrefutable evidence that the communication between the motor areas of two hemispheres is excitatory and one-way. [1] [2] [3] Experimentally, this is verified by the fact that an interruption in the excitatory commands from the major hemisphere by means of transcranial magnetic stimulation (TMS) is accompanied by a longer silent period (i.e., temporary abolition of excitation) in the nondominant hand compared to the dominant hand, because the interrupting influence trails the width of the callosum from the major to the minor hemisphere and reaches the left side of the body. This IHTTrelated longer silent period on TMS of the major hemisphere marks the nondominant side of the body. 9 Stimulation of the minor hemisphere, on the other hand, does not affect the length of the silent period in the simultaneously active muscles on the right hand, which demonstrates the lack of any communication from the right to the left motor region (in right handers). 10 The situation is the reverse in neural left handers (Figure 1) . 9 Although other investigators have commented on the possible relationship between the asymmetry of the silent period and the laterality of motor control (handedness), they never arrived at the conclusion/circuitry just delineated. 11 A directionality of callosal traffic exists in the sensory realm as well, but from the minor to the major hemisphere, where conscious apprehension of events takes place. Just as the motoric effects of lesions affecting the major hemisphere is bilateral (i.e., paralysis opposite to the lesion and "apraxia" ipsilateral to the lesion, the latter because of the transcallosal diaschisis mentioned previously), 12 lesions affecting the right parietal lobe affect appreciation of ing the right parietal lobe affect appreciation of motion and somatic sensation bilaterally due to transcallosal excitation of the left hemisphere by the right hemisphere. [13] [14] [15] Elsewhere, I have provided further documentation and detail of such sensory connections from the minor to the major hemispheres. 16 Confirming the hypothesis, therefore, moving the left side of the body in a neural right hander and sensing from it are bi-hemispheric events. Moving the left side invigorates an injured right hemisphere transcallosally, due to the excitatory nature of command signals arising from the left. 2 Transcallosal excitatory effects also occur by passive movement of the left hand or by stimulation of the left median nerve via posterior segment of of the left median nerve via posterior segment of the callosum. [17] [18] [19] Rehabilitatively, it is the previously delineated anatomy that underpins the asymmetry seen in temporary improvement of neglect in those with right hemispheric lesions, reviewed recently by Pierce and Buxbaum. 20 The quantitative aspects of The quantitative aspects of the time consuming but permanent improvement in the motor performance of the hand ipsilateral to the major hemisphere were documented by Laufer et al. 21 It reflects the anatomical restoration of callosal connection between the command center and the nondominant hand months after the stroke. Elsewhere, I have provided a perspective on the work of Laufer and colleagues based on the anatomy under consideration. 22 In a study similar to that of Laufer et al., Sunderland reported that ipsilateral impairment in bean spooning time and apraxia was limited to those right-handed patients who had suffered left-sided cortical damage. 23 Given the distinction between neural and behavioral handedness, it seems critical to determine the neural handedness of the patients who sustained injury to their motor cortex so as to know the minor from major hemisphere in clinical evaluation of patients. According to the anatomy given previously, the most convenient, noninvasive, and economical method for this is measurement of the reaction time of the two hands by any of the available paradigms for this purpose, realizing that it is the neurally dominant hand that precedes the nondominant by an IHTT. This has been repeatedly demonstrated in earlier studies that investigate the temporal aspects of movement-related cortical potentials (MRCPs) in healthy populations. 24 Thus, 2 of the 10 patients studied by Green 4 displayed neural-behavioral mismatch. In reviewing the response times for moving the right and left fingers, it is apparent from Green' s data that the right hand initiated movements an average of 100 ms faster than the left. In Patients 2 and 4, however, the situation was the reverse and the left hand responded quicker, marking these patients as ostensible right and neural left handers. Similar cases were reported recently by Hund-Georgiadis et al. using BOLD-fMRI technique. 25 There, a side-by-side comparison of cortical activation in two (behavioral) right handers depicts bilateral activation of motor cortices when moving the left (Patient 1) and right hand (Patient 2), marking Patient 2 as a neural left hander (Figure 2) . 25 Accounts of self-conversions such as these (occurring early in life) may be found in the literature, disguised as a sudden change in a person' s handedness after corpus callosotomy or the appearance of postcallosotomy weakness on the patient' s ostensible dominant hand instead of the nondominant (as it is usually the case, for the diaschisis explained before). 1, [26] [27] [28] Clearly, the operation in such instances resulted in the elimination of choice available to the patients as to the hand with which they wished to perform. Once the callosal connection was eliminated, the patients were limited to the use of the hand that remained connected to the command center in the major hemispheres; the nondominant hand became useless (apraxic). However, the disconnected hand may still move "automatically" when the circumstances call for it (like waving bye with the left hand as the doctor leaves the room, which he could not do on volition). 29 Similarly, the worsening of an existing cortical weakness on the nondominant side after a new lesion in the major hemisphere (i.e., weakness ipsilateral to a lesion in the major hemisphere) reflects the laterality of command center in anoth- er setting. 1, 30 In the past, this issue was commonly ascribed to the compensatory engagement of ipsilateral corticospinal tract arising from the major hemisphere, despite the absence of any proof for the existence of such a pathway in humans. 5 The numerical data provided by Green 4 (i.e., the longer response time when moving the left hand, except Patients 2 and 4 who, as said earlier, were neural left handers) refute such an assumption. If reorganization, that is, transfer of the command center from the injured (right) to the uninjured (left) hemisphere, was the mechanism of such compensations, it should have resulted in a shorter response time on the left side not longer response time, as seen in the numbers provided by Green. Thus, the average 100-ms delay in moving the left side reflects the handedness of the patients he studied, that is, transcallosal transfer of command signals from the major to the minor hemisphere for moving the left side of the body. Similar observations have been made on healthy participants using high resolution EEG technique. 24 In a recent study of the cross-sectional area of the contralesional cerebral peduncle in 16 cases of congenital hemiplegia (CH), Duque et al. 31 found the peduncular area to be identical to that of age-matched controls, indicating absence of any "compensatory overgrowing of the undamaged corticospinal tract." The same study documented motor deficits in the nonparetic hand of all CH patients, "revealing the loss of the contribution of the damaged hemisphere to the control of the nonparetic ipsilateral hand movement." (p744) Yet, because of the authors' belief in contralaterality of motor control, they failed to recognize the import of the fact that the nonparetic hands in all their patients were ipsilateral to the major hemisphere. From the new perspective, this was revealed in the timed grip-lift parameters Duque et al. 31 measured (see Table 3 , pp. 741, 744), pointing to the directionality in callosal traffic advocated here and documented before.
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Conclusion
The answer to the enquiry I began seems to be that any laterality indexed improvement of function after acute cortical disruptions in the left hemisphere results from reestablishment of left hemisphere results from reestablishment of callosal connectivity between the major and the minor hemispheres. [21] [22] [23] Improvements in speech and functioning of the right side depend on the survival/functionality of the remainder of the apparatus dealing with speech and movement on the right side. 32, 33 I note here that there are similar clinical presentations indicating reestablishment of callosal connectivity in the sensory realm in lesions affecting the minor hemisphere. 16, 34 An everyday manifestation of the anatomy reviewed is the melody lead of the right hand in piano players, known to musicologists for more than a century. Even though the right-handed player intends to play the melody and harmony (accompaniment, usually notated for the left hand) at the same time, it does not occur that way in practice. Mandated by the circuitry described, the melody is delivered ahead of the harmony by an amount equal to IHTT. The same is evident when attempting to snap the fingers of both hands simultaneously (heard as a double click instead of simultaneously (heard as a double click instead of one), proving the absence of any musicological explanation for the phenomenon such as artistic expression.
The implication of the above scheme in neuroprosthesis in those afflicted with paralysis, so they may (for example) move a cursor with the help of their own thoughts, was mentioned by Green 4 and has since been realized by Millan et al., who successfully maneuvered a robot using a patient' s EEG signals. 35 In this respect, the significance of In this respect, the significance of the one-way callosal traffic scheme in lateralizing the major hemisphere, thus optimizing the results from such devices, cannot be overstated.
In the same vein, ignoring the theoretical constraints of the new circuitry in ascertaining a person' s handedness prior to surgery for seizure has had disastrous consequences in recent times. For example, a right-handed patient underwent left hemispherectomy on the (erroneous) belief in transferability (reorganization, see above) of the command structure after brain injury early in life and by reliance on the Wada test for defining the laterality of his major hemisphere. 36 Another tragedy of the same nature occurred in a right hander who underwent right hemispherectomy on the (false) belief that generalized seizures may arise from the minor hemisphere. This patient continued to have seizures after the hemispherectomy. 37 Awareness of lack of motor communication from Awareness of lack of motor communication from the minor to major hemisphere, thus the impossibility of secondary generalization of epilepsy from the minor to the major hemisphere, is essential if the minor to the major hemisphere, is essential if such costly and tragic instances are to be avoided in future. Determining the laterality of motor control of patients as delineated here assures us of such capability, without resorting to invasive or expensive techniques.
